Introduction to mixing, CP violation and the charm flavour factories
The charm quark was discovered in1974 [1] , and for more that forty years particle physicists have been searching for matter-antimatter differences in the quark system. The mesons containing one charm quark are a superb laboratory to study the mixing and CP violation phenomena in the uptype quark sector. Neutral charm mesons can oscillate, meaning they periodically change into their antimatter partner and vice versa. The mass eigenstates, with well defined masses m 1,2 and widths Γ 1,2 , can be presented as a superposition of the flavour states: |D 1,2 = p|D 0 ± q|D 0 where p and q are complex numbers. The charm mixing observables are defined as x = . By now the mixing of neutral charm mesons D 0 is firmly established. The no-mixing hypothesis has been excluded with a significance more than ten standard deviations form a single experiment [2] . However, there is no experimental evidence for CP violation in the up-type quark sector. The CP symmetry applies to processes invariant under the combined transformation of charge conjugation and parity. The CP symmetry can be violated in several ways. If the quantity
|e iφ is different than 1, then the CP symmetry is violated. Indirect CP violation occurs when | q p | = 1 or when the CP-violating relative phase φ = 0. The direct CP violation depends on the decay mode, and manifests itself when the amplitude for the decay of a particle, A, into a given final state, f differs from the amplitude of the antiparticle decay, A into the charge-conjugate final state, f , namely
The CP violation within the Standard Model is contained in the imaginary part of the Cabibbo-Kobayashi-Maskawa (CKM) matrix [3] that governs the transitions between the different types of quarks. The violation of the CP symmetry has been discovered in weak decays of K and B mesons containing down-type quarks. The amount of CP violation in the up-type sector is expected to be rather small because of the CKM matrix structure -the imaginary part of the CKM element V cd is very small. However, it should be noted that the theoretically it is very difficult to predict precise quantities for the charm mesons because of their mass which does not allow effective theories to be used.
This brief overview includes the most recent experimental charm results of the two B factories, Belle [4] at the asymmetric-energy electron-positron collider, KEKB, and BaBar [5] at the PEP-II collider, results based on data taken with the CLEO-c detector [6] at the electron-positron collider CESR (using a legacy data set), results from the LHCb experiment [7, 8] at the proton-proton machine LHC, and from the chinese flavour factory BESIII [9] at the electron-positron collider, BEPCII.
There are several ways to identify the flavour of the neutral charm mesons. At the B factories and LHCb, the prompt charm decays are tagged by the charge of the pion in the strong decay D * + → D 0 π + . At LHCb only, the charge of the muon in B → Dµν µ X is used to define the flavour of D 0 originating from secondary charm decays. A special class of events called doubly-tagged (DT) events where the D 0 comes from decays B → D * + (→ D 0 π + )µ − ν µ X has a very low mistag probability. These events are exploited to obtain extra-clean samples of neutral charm meson decays, however the available DT data is significantly smaller than the prompt charm data. At LHCb, the singly-tagged secondary charm decays samples are about three times smaller than the ones of the prompt charm decays to the same final state. The prompt and secondary samples are statistically independent. The two types of charm events have a different decay-time acceptances, and to a large extent, the measurements with both types of events are complementary. In addition, there are different kinds of systematic uncertainties associated with both classes.
The flavour of charm mesons at CLEO-c and BESIII experiments is accessible through the quantum-entangled charm pairs of D 0 D 0 produced at the threshold of ψ(3770) with no additional hadrons. The principle of quantum correlation states that by making a measurement on the particle in a given moment of time we find out information about the antiparticle state at that point of time as well. By looking at the opposite side of the event, decaying to either a flavour specific decay, or a CP eigenstate, conclusions can be made about the signal decay.
Mixing and CP violation 2.1 Mixing and CP violation in
One of the most suitable channels for charm mixing studies is D 0 → K − π + . The final state can be reached via two independent paths involving either no mixing and Cabibbo-favoured (CF) decays, or mixing and Doubly-Cabibbo suppressed (DCS) decays. Events of D 0 → K − π + are called right-sign (RS), and decays of D 0 → K + π − are referred to as wrong-sign (WS). The ratio of WS to RS events R(t) ≡
t τ 2 includes terms (in order of appearance) related to the the ratio of WS to RS non-mixed D 0 meson decays, the interference and the mixing of the charm mesons. Here, t is the decay time , and τ is the measured D 0 lifetime. In this equation, the parameters x and y are rotated with respect to the charm mixing parameters x and y by a phase. The previous best measurement of the parameters R D , x and y [10] is based on the charm prompt sample collected during LHCb Run 1 data taking period. Recently, a new DT data sample taken in LHCb Run 1 was analysed [11] . The new sample contains 1.7 million RS events, and 6.7 thousand WS events. When combining both samples, the DT events constitute only 2.5% of the full Run 1 LHCb statistics but the precision of the measured parameters improves by 10-20%. The combined fit [11] tested three hypotheses: no CP violation, no direct CP violation and all CP violation allowed. Under the last hypothesis, using the combined data sample, the results are:
Here, the quantities are split by the flavour at production of the charm meson to allow for CP violation detection. The quantities denoted with "+" refer to D 0 meson, and the ones with "-" refer to D 0 meson.The results are compatible with no-CP violation.
Mixing and CP violation in
One way to independently measure the complex parameters p, q and φ , as well as the charm mixing parameters x and y, is through a time-dependent Dalitz plot analysis, for instance through the decay D 0 → h 0 π + π − . BaBar performed the first measurement of the D 0 -D 0 mixing parameters using a time-dependent amplitude analysis of the decay D 0 → π 0 π + π − [12] . The experiment
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Charm CP violation and mixing Evelina Gersabeck uses prompt D 0 decays, and the measured mixing parameters are x = (1.5 ± 1.2 ± 0.6)% and y = (0.2 ± 0.9 ± 0.5)%. For measurement of the charm mixing parameters, the LHCb analyses the so-called golden mode
employing a model-independent technique. The method uses as external input for the strong phase differences measured by the CLEO collaboration in pre-defined Dalitz bins [14] .
The measured values by LHCb are x = (−0.86 ± 0.53 ± 0.17)% and y = (0.03 ± 0.46 ± 0.13)%. The model-independent techniques are a very attractive possibility because the modelling of the Dalitz plot is associated with irreducible systematics due to the amplitude model. The uncertainty on the external measurements used in the model-independent techniques can be reduced further by using input from the experiment BESIII which is currently taking data, and a new measurement of the relative strong-phase difference parameters is underway, based on a sample four times bigger than the one collected by CLEO-c [15, 16] . Moreover, this data sample is expected to grow by a factor of ten. The BESIII measurements are also fundamental for extracting the CKM angle γ using the GGSZ method [17] , and the uncertainty on γ due to the external input can be reduced due to the larger BESIII statistics [18] .
Indirect CP violation in charm
The indirect CP violation comprises the CP violation in mixing, A M , and interference between mixing and direct CP violation, A d , and it can be related to the observable
The indirect CP violation is accessible through measurement of the asymmetries between the effective lifetimes of charm decays to CP eigenstates
. This type of CP violation is universal, and measurements done with various final states e.g. K + K − and π + π − should be compatible. Within the Standard Model, this quantity is predicted to be smaller than 10 −3 [19, 20] . A larger value than the predicted one, or a dependence of A Γ on the decay mode will indicate physics beyond the Standard Model. Measuring A Γ with CF decays D 0 → K − π + decays provides a useful null tests of the experimental technique -its value should be compatible with zero. Two independent analyses, using two different approaches were recently published by the LHCb collaboration [21] . Both measurements use the full LHCb Run 1 statistics of prompt charm decays to final states KK and ππ. The other approach uses a binned approach. The reconstructed events data distributions are corrected for detector non-uniformities and presence of secondary decays, and the raw asymmetry is calculated in bins of D 0 decay time:
The yields for calculating A raw are extracted by fitting the ∆m distribution. A linear fit of the A raw
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The linear slope of this distribution is not sensitive to direct CP violation, nor to asymmetries due to production and detection asymmetries. The results of this method are A Γ (K + K − ) = (−0.30 ± 0.32 ± 0.10) × 10 −3 and A Γ (π + π − ) = (0.46 ± 0.58 ± 0.12) × 10 −3 . The largest source of systematic uncertainty comes from the estimation of the secondary decays contribution. The results of the two independent approaches agree within one standard deviation. The results for D 0 → K + K − and D 0 → ππ are consistent, and show no evidence for CP violation. These measurements improve on the precision of the previous best measurements [22] by nearly a factor of two. A combination of the slightly more precise prompt measurement with the statistically independent secondary charm decays results based on the LHCb Run 1 [23] yields A Γ = (−0.29 ± 0.28) × 10 −3 . This is the most precise asymmetry measured in the charm system.
Belle recently reported their measurement using the final dataset of prompt charm decays
The experiment also measured the related quantity,
. In case of no-CP violation, y CP equals the y charm mixing parameter. The Belle result using the same data set yields y CP = (1.11 ± 0.22 ± 0.09)%. Both observables are fitted simultaneously in bins of the cosine of the polar angle θ * of the D 0 meson in centre-of-mass system with respect to the direction of e + beam of the the KEKB asymmetric-energy e + e − collider [25] .
The parameter y CP was measured by the BESIII experiment by taking advantage of quantum coherence between pairs of D 0 − D 0 mesons produced in e + e − annihilation near ψ(3770) threshold. In this work, doubly-tagged events in which on D meson decays to a CP eigenstate ( 
Direct CPV searches in two-body
The time-integrated CP asymmetry in the decay rates of the singly Cabibbo-supressed process
was measured recently at LHCb [28] . This observable cannot be accessed directly due to the presence of production asymmetry of the D 0 and D 0 mesons at pp collider, and due to the presence of detection asymmetries. The latter can origin from an asymmetric interaction of the charged particles with the material of the detector. One example for this is the different cross-section for interaction with matter of K + and K − . Any asymmetry in the detector e.g. some inefficient regions, faulty electronics, etc could also contribute to the detection asymmetry. The effect of such asymmetries can cancel to first order with the regular swap of the magnetic field of the dipole magnet at LHCb.
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For prompt charm decays, the measured raw asymmetry in the number of background-subtracted number of signal decays
is related to the observable of interest,
This approximation is valid only for small asymmetries, this is why a particular care has been taken to exclude regions with large asymmetries, related to detector acceptance effects [28, 29] .
To cancel the effect of the nuisance detection and production asymmetry, a set of Cabibbofavoured decays,
which no CP violation is expected, is used. For example, by exploiting the prompt D 0 → K − π + channel, one can cancel the D * + production asymmetry, and the soft pion detection asymmetry. However, a new detection asymmetry is present due to the asymmetric final state K − π + . The effect of this asymmetry is mitigated using the other two calibration channels leading to
A CP (K − K + ) now only depends on measurable raw asymmetries and the calculable K 0 detection asymmetry [30] . The method to determine A CP (K − K + ) has been first used in Ref. [31] . The time-integrated CP asymmetry in D 0 → K − K + decays measured using the LHCb Run 1 prompt charm decays is determined to be , is measured at LHCb using prompt charm decays [29] . A combination of the measurement of A prompt CP (K − K + ) with ∆A CP yields a value for
The statistical correlation coefficient of the two measurements is ρ stat = 0.24. The largest systematic uncertainties come from equalising the kinematic distributions for the final states KK and ππ, and from excluding regions with large nuisance asymmetries.
Charm CP violation and mixing Evelina Gersabeck A combination with the measurement using secondary charm results in
In Heavy Flavor Averaging Group [32] provides the combinations of all the independent searches for CP violation in D 0 → h + h − decays. This is presented in Fig. 1 .The vertical axis corresponds to the direct CP violation, ∆a dir CP , related to the observable 
Direct CPV searches in other two-or three-body charm decays (phase-space integrated)
Other singly Cabibbo-suppressed decays of the charm mesons can be used for complementary CP violation searches as well. The ones with significant branching fractions are expected to yield more precise measurements. A search for CP violation in D + → η π + and D + s → η π + decays is conducted for a first time at a hadron collider using the full LHCb Run 1 data statistics. The η meson is reconstructed via the final state π + π − γ. The signal sample contains about 63000 D ±
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The control channels are used to correct for production and detection asymmetries, in a similar way to the measurement done with
The measured CP-violating charge asymmetries are A CP (D + → η π + ) = (−0.61 ± 0.72 ± 0.53 ± 0.12)% and A CP (D + s → η π + ) = (−0.82 ± 0.36 ± 0.22 ± 0.27)% [33] , where the last uncertainty comes from external inputs related to CP asymmetries measurements in the control channels. The results are the most precise measurement to date of these variables, and are consistent with CP conservation. Prior to this, D ± → η π ± and D ± s → η π ± decays have so far been studies only at e + e − colliders because of the experimental challenges in reconstructing η ( ) mesons in hadron collisions.
According to [34] , the decays of D 0 → K 0 S K 0 S are very sensitive to large beyond the Standard Model CP violation effects. An upper limit for Standard Model CP asymmetry is set to be below 1.1%. The new measurement by Belle, A CP = (−0.02 ± 1.53 ± 0.17)% [35] is compatible with CP conservation. And so is the previous, less precise, measurement done by LHCb with Run 1 data, A CP = (2.9 ± 5.2 ± 2.2)% [36] .
The search of CP violation in radiative charm decays D 0 → V γ, where V stands for one of the light vector mesons φ , K * , ρ, is done for the first time by the Belle collaboration [37] . The search is motivated by the possibility to have sizeable CP asymmetries in SM extensions with chromomagnetic dipole operators [38, 39] . The search for CP violation in radiative charm decays is complementary to the searches that have been exclusively performed in hadronic or leptonic decays. The reported results are:
The BES||| collaboration measured the CP asymmetry in semileptonic charm decays, D + → K 0 L eν e . The result A CP (D + ) = (−0.59 ± 0.60 ± 1.48)% was found to be compatible with the predicted value of CP violation in the K 0 system, −3.3 × 10 −3 [40] .
The BES||| collaboration presented the preliminary result for A CP in four new modes,
, and found the results compatible with CP asymmetry.
Most of the presented results in this section still have large experimental uncertainties, at the order of percent, which leaves room for new physics effects to manifest in future measurements.
Direct CPV searches in multi-body charm decays (D
Multibody processes have rich decay dynamics which lead to large interference, and which can vary widely as a function of the phase space. They offer possibility to look for CP violation in regions of phase space. Two main types of techniques are employed for these searches: model-dependent, and model-independent ones.
The model-independent techniques look for asymmetries in regions of phase space by counting. These kind of methods neither identify which amplitudes contribute to the observed asymmetry nor measure the actual asymmetry. There are two types of model-independent techniques-binned and unbinned. The binned analyses have to make an optimisation between minimising the number of bins, in order to maximise the number of events per bin, while retaining sensitivity to the interference between all contributing resonances without diluting the CP asymmetries. A binned technique, using a χ 2 difference method is introduced in [41] , and used in [42] [43] [44] . The unbinned methods are based on the average weighted distance between events in phase space. Two unbinned methods have been used so far for searches of CP violation of charm decays -nearest-neighbour method introduced in [45, 46] and used in [44] , or the energy test first introduced in [47, 48] , and its possible greater sensitivity for CP violation searches was presented in [49] .
The first application of the energy test in particle physics was the search for CP violation in the decay channel D 0 → π + π − π 0 using LHCb data [50] . The first application for CP violation in four-body decays was done with D 0 → π + π − π − π + decays using the full LHCb Run 1 prompt charm data sample [51] . The energy test employs a test statistic T which is used to compare the average distances based on the metric function ψ. It is defined as For no-CPV, T is expected to be zero, and larger than zero in case of CP violation. This unbinned technique calculates a p-value under the hypothesis of CP symmetry by comparing the nominal T value observed in data to a distribution of T values obtained from permutation samples, where the flavour of the D 0 is randomly reassigned to simulate samples without CP violation. The p-value for the no CP violation hypothesis is obtained as the fraction of permutation T values greater than the nominal T value. For four-body decay, the P-even and P-odd CP asymmetries can be tested. The P-even test is performed through the comparison of the distribution of events in the D 0 and D 0 phase spaces, characterised by squared invariant masses. Additionally, characterising the events using a triple product of final-state particle momenta, p(π i ), gives sensitivity to P-odd amplitudes, and thus allows the first test for P-odd CP asymmetries in an unbinned model-independent technique. The parity-sensitive variable
is introduced, and the different flavours are analysed in regions with different sign of C T .
The data are found to be consistent with the hypothesis of CP symmetry with a p-value of (4.6 ± 0.5)% in the P-even case, and marginally consistent with a p-value of (0.6 ± 0.2)% in the P-odd case, corresponding to a significance for CP non-conservation of 2.7 standard deviations. The deviation is located in a small phase-space region dominated by the ρ 0 resonance. The sensitivity of this method was studied using simplified simulation based on the model presented in [52] by introducing different types of CP violation.
To really pin down the origin of the CP violation, one should employ a model dependent technique in order to understand the nature of the interfering processes in a multibody decay. This means one has to develop a model of the intermediate particle resonances occurring in the decay. This amplitude model is used to describe the phase-space structure of the multibody final state.
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Conclusions and prospects
The latest precision measurements in the charm sector at LHCb, BELLE, BESIII, BaBar, CLEO-c legacy data are presented in these proceedings.
CP violation in the charm sector remains unobserved. All searches are consistent with no direct or indirect CP violation, with limits approaching the order of 10 −3 in the direct CP violation searches, and 10 −4 for indirect CP violation searches. The no-mixing hypothesis for neutral charm mesons is excluded with a significance >10 standard deviations already with LHCb Run I prompt data, and the different results agree well. However, the charm mixing parameters remain to be measured with sufficient precision, and the input from the BESIII experiment is critical for these precision measurements.The key measurements are still statistically limited, and for future measurement the systematics is expected to reduce with statistics. Several key LHCb Run 1 analyses are still ongoing and several LHCb Run 2 analyses are now underway. A factor two gain in statistics has already been seen with LHCb Run 2 data due to trigger optimisation, and even more statistics is expected to be collected with the upgraded LHCb experiment.
With LHCb and BESIII continuing to take data, and the Belle || experiment joining soon, there are exciting times for the charm physics ahead.
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